Libraries of de novo proteins provide an opportunity to explore the structural and functional potential of biological molecules that have not been biased by billions of years of evolutionary selection. Given the enormity of sequence space, a rational approach to library design is likely to yield a higher fraction of folded and functional proteins than a stochastic sampling of random sequences. We previously investigated the potential of library design by binary patterning of hydrophobic and hydrophilic amino acids. The structure of the most stable protein from a binary patterned library of de novo 4-helix bundles was solved previously and shown to be consistent with the design. One structure, however, cannot fully assess the potential of the design strategy, nor can it account for differences in the stabilities of individual proteins. To more fully probe the quality of the library, we now report the NMR structure of a second protein, S-836. Protein S-836 proved to be a 4-helix bundle, consistent with design. The similarity between the two solved structures reinforces previous evidence that binary patterning can encode stable, 4-helix bundles. Despite their global similarities, the two proteins have cores that are packed at different degrees of tightness. The relationship between packing and dynamics was probed using the Modelfree approach, which showed that regions containing a high frequency of chemical exchange coincide with less well-packed side chains. These studies show (1) that binary patterning can drive folding into a particular topology without the explicit design of residue-by-residue packing, and (2) that within a superfamily of binary patterned proteins, the structures and dynamics of individual proteins are modulated by the identity and packing of residues in the hydrophobic core.
The structures and dynamics of proteins are dictated by the physical chemistry of the polypeptide sequence interacting with itself and with the surrounding solvent (Scheraga 1970; Anfinsen 1972; Willis et al. 2000) . For natural proteins, the structures and dynamics that are ''allowed'' are also constrained by the biological requirements of the host organism. Proteins in present day organisms also reflect the biological and environmental factors that influenced the selection of ancestral sequences through millions of years of evolutionary history. Thus, the properties observed in modern proteomes are biased both by current biology and past history.
Understanding the true potential of protein sequence space would benefit from studies of proteins that are neither required to sustain living organisms nor biased by ''artifacts'' associated with evolutionary history. In principle, an ideal bias-free collection of proteins would be a stochastic combinatorial collection of sequences constructed at random. However, the vast majority of random sequences do not fold into protein-like structures. Since most random sequences form insoluble aggregates (Mandecki 1990; Keefe and Szostak 2001; Watters and Baker 2004; Chiarabelli et al. 2006 ), a stochastic collection of sequences is not an appealing sample for assessing the structural and dynamic properties of an unevolved proteome. A more appropriate collection of sequences would be combinatorially diverse but would focus on those regions of sequence space that are consistent with folding into protein-like three-dimensional structures.
Building a collection of folded, but unselected sequences requires the use of a single, overarching approach. The patterning of polar and nonpolar amino acids has proven to be a powerful method to design protein structures (Kamtekar et al. 1993; Hecht et al. 2004 ) and may be used to build macromolecules comparable to early proteins (Lopez de la Osa et al. 2007) . In previous work, we described a method that focuses combinatorial libraries into productive regions of sequence space and thereby facilitates the design and construction of vast collections of folded proteins Bradley et al. 2006) . Our binary patterning method samples enormous sequence diversity; yet it favors proper folding by rigorously defining which positions in a sequence must be polar (and exposed to solvent), and which must be nonpolar (and buried in the interior). Binary patterning of polar and nonpolar residues specifies the target topology by directing the hydrophobic collapse of a sequence into the desired shape. For example, to specify an a-helical fold, the sequence periodicity of polar and nonpolar residues is designed to match the structural repeat of 3.6 residues per a-helical turn. A sequence of polar (s) and nonpolar (d) residues with the pattern sdssdds has a nonpolar amino acid every three or four positions and is consistent with the formation of an amphiphilic a-helix. Such an a-helix would contain a hydrophobic face, which would be buried in the final tertiary structure. Conversely, to specify a b-sheet fold, polar and nonpolar residues are designed to alternate every other residue. Thus, a designed sequence with the pattern sdsdsds has a sequence periodicity that matches the structural repeat of amphiphilic b-strands. Such strands would bury their hydrophobic faces upon folding. The designed segments of a-helical and b-sheet secondary structure may then be connected with glycine-rich turns.
Implementation of the binary code strategy is enabled by the organization of the genetic code, with the degenerate codon VAN (V ¼ A, G, or C; N ¼ A, G, C, or T) encoding a mixture of polar residues (Lys, His, Glu, Gln, Asp, and Asn), and the degenerate codon NTN encoding a mixture of nonpolar residues (Met, Leu, Ile, Val, and Phe) . By constructing a library of synthetic genes in which these two degenerate codons are used at defined locations in the sequence, the polarity of amino acids can be specified without explicit design of unique side chains at each site.
We previously reported the successful construction of several binary patterned libraries including all-a and all-b structures (Kamtekar et al. 1993; West et al. 1999; Xu et al. 2001; Wang and Hecht 2002; Wei et al. 2003b; Hecht et al. 2004; Bradley et al. 2007 ). The a-helical designs focused on the 4-helix bundle topology. Our firstgeneration library used a 74-residue template. All proteins purified from this library were soluble and a-helical, and several displayed cooperative folding (Kamtekar et al. 1993; Roy et al. 1997; Roy and Hecht 2000) . Nonetheless, these first-generation proteins were not sufficiently ordered for structure determination by X-ray crystallography or NMR. We hypothesized that to favor well-ordered structures, it would be important to elongate the helices, thereby generating a larger number of hydrophobic contacts. This hypothesis was confirmed by constructing a second-generation library. We constructed this library by choosing one 74-residue molten globule sequence from the first-generation library and elongating the structure by adding two turns to each of its four a-helices. The strategy succeeded, and the second-generation library produced a majority of stable, monomeric, a-helical proteins with well-ordered hydrophobic cores (Wei et al. 2003b ).
This second-generation library of 4-helix bundles provides an opportunity to assess the range of structural, dynamic, and functional properties that can be found in a superfamily of proteins that has not been constrained by biological evolution. Initial studies probing the functional capabilities of these de novo proteins demonstrated that some of them bind cofactors and exhibit low levels of enzymatic activity Das et al. 2006; Das and Hecht 2007) . The structural and dynamic properties of these de novo proteins are the focus of the current study.
Here we report the solution structure of the secondgeneration protein, S-836, and compare it with the structure of its sibling, S-824, which was determined previously (Wei et al. 2003a) . We also determine the dynamic behavior of both proteins. The dynamics of de novo designed proteins is a relatively unexplored area of study with limited published research (Walsh et al. 1999) . Comparison of the structure and dynamics of S-836 and S-824 would provide a window into the range of structural and dynamic behaviors that can be expected from a library of proteins that was designed ''from scratch'' and not subjected to the constraints of biological selection. In addition to their implications for the design of proteins de novo, these studies may contribute to understanding of the properties of preevolved ancestral proteins.
Results and Discussion
Protein S-836 forms a well-defined 4-helix bundle
The solution structure of protein S-836 was solved by NMR spectroscopy. The structure is an up-down-up-down 4-helix bundle connected by relatively short turns (Fig.  1A,B) . The adjacent helices are not perfectly antiparallel. The slight tilt of these helices (;20°) relative to one another is typical of 4-helix bundles with ''knobs-inholes'' packing (Crick 1953; Chothia et al. 1977; Harris et al. 1994) .
The final, calculated structure of S-836 is well-resolved, with the 15 lowest energy structures showing a backbone root mean square deviation (RMSD) of 0.39 6 0.05 Å relative to the mean (Table 1) . When limited to the helical regions, this RMSD decreases to 0.32 6 0.06 Å . Overall, low RMSD indicates that the protein tertiary structure is well-defined and well-ordered. The helical regions are better defined than the turn regions, with the latter showing more variability.
The overall topology of the bundle is left-turning (viewed from the outside, the chain turns left to traverse from helix 1 to helix 2). Right-turning and left-turning 4-helix bundles both occur frequently among natural proteins (Presnell and Cohen 1989) , and the binary code strategy does not explicitly design for one topology versus the other. Thus, it is noteworthy that both S-824 (Wei et al. 2003a ) and S-836 form left-turning bundles.
The helices are highly consistent with-but not identical to-those specified by the design template (Fig. 1C) . The first and fourth helices are slightly shorter than expected from the design, and the third helix begins two residues earlier in the sequence, incorporating Gly54 and Gly55 into its N-terminal end. We surmise that inclusion of these glycines into helix 3 lengthens the inter-helical core, thereby providing space to accommodate the large hydrophobic side chains on neighboring helices (e.g., Phe47).
The hydrophobic core of protein S-836
The main premise of protein design by binary patterning is that hydrophobic collapse of strategically placed nonpolar residues-irrespective of their exact side-chain identities-is sufficient to drive the polypeptide chain to fold into a desired structure. Because the identities of the side chains are not defined a priori, the design strategy cannot specify the residue-by-residue packing of nonpolar residues in the hydrophobic core. Therefore a diversity of hydrophobic packing is expected in the different proteins in a binary code library. In the structure of S-836, most nonpolar residues are indeed buried in the core, and all polar residues are exposed to solvent ( Fig. 2A,B) . Heavy atoms in this core deviate from the mean structure by an average of 0.41 6 0.10 angstroms, indicating that the tertiary structure is well-defined (Fig. 2C) .
Although most of the nonpolar residues are fully buried, there are a number of notable exceptions. Several nonpolar side chains are only partially buried, and surprisingly, three of the four methionine side chains are completely exposed to solvent (Fig. 3A) . The protein/solvent contact surface areas (PyMOL; DeLano Scientific) of Met30, Met48, and Met61 are comparable to polar a-helical amino acids of similar size. The exposure of these three methionine side chains may be attributed to the proximity of large aromatic side chains: Each of these exposed methionines shares a cross-sectional packing layer with either a phenylalanine or a tryptophan side chain (Fig.  3B) . Furthermore, methionine is less hydrophobic than the other nonpolar residues utilized by the binary patterning design strategy (Wolfenden et al. 1981; Kyte and ''h'' Indicates helical secondary structure. There is high sequence identity between S-836 and S-824. Differences in their primary structure occur at positions 18-35 and at positions 71-87. Helices were identified from solved structures using MOLMOL software (Koradi et al. 1996) and vary slightly from the design template. Residues that are nonpolar by binary patterning design are shown in green. Doolittle 1982; Fauchère and Pliska 1983) . Another factor that may favor exposure of methionine is the entropic advantage that is gained when this straight chain residue is freed from packing interactions in the interior. Exposing any of the other nonpolar side chains utilized in binary patterning-valine, leucine, isoleucine, and phenylalanine-would produce less of an entropic benefit. The observed ejection of the methionine side chains from the hydrophobic core indicates that steric hindrance takes precedence over the hydrophobicity of methionine, and suggests that the designed hydrophobic core of S-836 is overly packed: Indeed, the methionines may have been ''pushed away'' by the nearby packing of Phe47, Phe64, and Phe93 into a pi-stacking arrangement (Fig. 3C ).
Similarities with the structure of protein S-824
Protein S-836 is one of five proteins that were biophysically characterized from a second-generation combinatorial library designed to produce 4-helix bundles (Wei et al. 2003b) . All five were shown to be monomeric and a-helical. Thermodynamic and NMR characterization determined that four of the five proteins were stable and well-ordered. (The fifth, protein S-23, proved to be a molten globule.) Of these four well-folded proteins, the solution structures of two have now been solved: S-824 was reported previously (Wei et al. 2003a) , and S-836 is presented here.
Initially, we chose to solve the structure of S-824 because it produced NMR spectra of extremely high quality: The 1 H, 15 N-HSQC spectrum of S-824 was highly dispersed, and the two-dimensional nuclear Overhauser enhancement spectra (2D-NOESY) showed many sidechain interactions indicative of a native-like tertiary structure. In contrast, NMR and thermodynamic studies of the other three proteins (S-213, S-285, and S-836) showed less dispersion, fewer NOE peaks, and less cooperative folding (Wei et al. 2003b) . Therefore, for the current study, we chose to solve the structure of S-836 because it is more representative of the type of structure a Calculated using MOLMOL (Koradi et al. 1996) . b Calculated using Procheck (Laskowski et al. 1996) . c Calculated using Moprobity (Davis et al. 2007 ). and dynamics that are likely to occur frequently in our library of de novo proteins. The solution structures of S-836 and S-824 show a number of general similarities: Both proteins are updown-up-down 4-helix bundles, consistent with their design. Both also exhibit the same left-turning topology, despite the lack of explicit design of this feature, and despite the more-or-less equal propensity in nature for left-turning and right-turning bundles (Presnell and Cohen 1989) . The similarity in topology also extends to similar interhelical angles; therefore, both display knobsin-holes packing in their hydrophobic cores. Moreover, as specified by the binary patterning design strategy, both structures partition their polar and nonpolar side chains to the surface and core, respectively. These similarities in structure are not unexpected, as S-836 and S-824 have very similar sequences. Based on these two structures, we expect that a large fraction (probably the majority) of proteins in this binary-patterned library fold into up-down-up-down 4-helix bundles with knobs-in-holes packing.
As described above, several methionine side chains in protein S-836 are exposed to solvent. Similar observations were made in the structure of S-824 (Wei et al. 2003a ). This deviation from the binary code design, which is based on the burial of nonpolar residues, may indicate that the template used to encode the binary patterning of the current library encodes slightly too many nonpolar positions and could be improved in future libraries.
Cavities in the structure of protein S-836
The structures of S-824 and S-836 also differ in that the latter contains larger and more numerous cavities in its hydrophobic core. Solvent accessible cavities in both proteins were probed using CASTP (Dundas et al. 2006) . With a probe radius of 1.4 Å , CASTP identified 11 cavities in S-836 and only six in S-824. Indeed, S-836 has a network of four interconnected cavities, ranging from 12 to 24 Å 3 . At a probe radius of 1 Å , these four small cavities converge into one large cavity with a volume of 142 Å 3 (Fig. 3D ). No such network was identified in protein S-824.
Of the 15 residues that border this large cavity, five are nonidentical between S-836 and S-824. That is, the network of cavities on S-836 includes 10 spatially adjacent amino acids that also occur in the S-824 sequence and five spatially adjacent ones that are unique to S-836. This spans the region in S-836 around the boundary between amino acid identity and nonidentity with S-824. The size and location of this network of cavities demonstrate an important sequence-related perturbation in hydrophobic packing. Hydrophobic packing differs between S-836 and S-824 at this interface, and this difference propagates itself into shifted packing layers throughout the structures of the proteins Hydrophobic core packing in natural proteins is often imperfect, and small cavities of the size seen in S-836 do not preclude folding into well-ordered structures. Nonetheless, such an extensive network of cavities decreases the local packing density in the hydrophobic core. This provides room for the movement of nearby side chains and presumably accounts for the reduced unfolding cooperativity of protein S-836 relative to S-824. Moreover, the Protein S-836 has an interconnected network of small cavities in the hydrophobic core. This network is only marginally exposed to solvent. To enhance clarity, the cavity is rendered on the right without the methyl from Val67. The atoms that border this cavity are depicted. They are atoms from the following amino acids: V15, L16, V19, N20, W23, V33, D34, L37, V67, L68, I71, L82, V85, H86, and I89. correlation between the reduced stability of S-836 and the presence of this cavity suggests that the stability of this protein could be enhanced by the judicious substitution of one or two residues bordering this cavity.
Packing interactions
The hydrophobic core of S-836 consists of five stacked packing layers, with each layer perpendicular to the long axis of the protein (Fig. 4A) . Protein S-824 also displays five stacked packing layers (Wei 2003) . In S-824, side chains from all four helices contribute to every layer; however, in protein S-836, only four of the five layers contain side chains from all four helices. The first packing layer in S-836 has no side chain from helix 2 (see below).
In protein S-836, helices 2 and 4 are vertically translated relative to their positions in the structure of S-824.
As shown in Figure 4B , this translation shifts the components of all the packing layers. It is noteworthy that the differences in packing occur not only in regions where the sequences differ: The translation of helices 2 and 4 causes packing differences to propagate throughout the 4-helix bundle-even into regions where the sequences are identical. This finding demonstrates that a novel superfamily of proteins can encompass a range of structural detailseven in cases where the amino acid sequences are very similar.
The first packing layer in S-836 (Fig. 4A) is relatively sparse and is made up of only three nonpolar side chains-Trp23, Leu75, and Leu82. The intended fourth residue, Met30, is exposed to solvent rather than involved in hydrophobic packing. The solvent exposure of this methionine and the existence of a relatively less compact core are presumably driven by a highly stabilizing structural feature, most likely the partial burial of Trp23. Contact maps. Map of intraresidue contacts for protein S-836 (upper left) and protein S-824 (lower right). All black squares represent residues that are 3 Å or less in distance. Shades of gray represent contacts greater than three angstroms but less than five angstroms apart. Contact networks perpendicular to the diagonal show interhelical contacts. Note that the networks are slightly shifted between the two proteins, demonstrating altered packing between the two structures.
Tryptophans are known to stabilize local hydrophobic packing (MacDonald et al. 1994; Black et al. 2001; KleinSeetharaman et al. 2002) , and the location of Trp23 suggests that it influences nearby packing interactions. The Trp23 side chain is mostly buried; and its indole secondary amine is located within 5 Å of several nearby non-hydrogen bonded carbonyls. However, the carbonyls are not directly aligned with the secondary amine, hinting at the possibility of dipole-dipole interactions rather than outright hydrogen bonding. The Trp23 indole ring also forms part of the border of the network of cavities described above. Restrictions from packing of the relatively rigid Trp23 side chain probably prevent other nearby nonpolar side chains from packing in a more efficient manner, thereby producing the observed cavities.
We had previously hypothesized that Trp23, which is also present in protein S-824, might function as a nonpolar cap, sealing the hydrophobic core of the bundle from solvent (Wei et al. 2003a ). The four well-folded proteins (S-213, S-285, S-824, and S-836) all have a tryptophan at position 23, whereas the molten globule, S-23, has a leucine at this position (Wei et al. 2003b) . The existence of an abridged first packing layer on S-836 and the burial of the equivalent tryptophan on S-824 reinforce this hypothesis.
Protein dynamics
To further probe the range of behaviors in our library of de novo proteins, we performed NMR dynamics studies to measure the mobility and rigidity of the backbones of proteins S-836 and S-824. We measured 15 N longitudinal (R1) and transverse (R2) relaxation rates and steady-state 1 H-15 N NOEs for both proteins. These data were analyzed using the Modelfree program (Palmer III et al. 1991; Mandel et al. 1995) to identify mobility at various timescales, and to obtain values for the residue-by-residue generalized order parameters (s 2 ). Our Modelfree analysis of proteins S-836 and S-824 used an axial symmetric model, which corresponds with the elongated structure of 4-helix bundles. This analysis yielded values for overall correlation times (t m ) and ratios of longitudinal versus latitudinal diffusion (D k / D t ). Protein S-836 yielded a correlation time of 6.728 6 0.112 ns and a D k /D t ratio of 1.437 6 0.072, while protein S-824 yielded a correlation time of 6.523 6 0.056 ns and a D k /D t ratio of 1.585 6 0.037. These data indicate that proteins S-836 and S-824 tumble at about the same rates as other proteins of similar size and shape (Gibney et al. 1997) . Moreover, consistent with the results from previous work (Wei et al. 2003b) , the dynamics results indicate that both proteins are compact and monomeric even at the high concentrations (1.3 mM) at which the spectra were collected. S-836 exhibits a slightly higher t m and slightly lower D k /D t than S-824. These differences are minor, but greater than the error, and most likely stem from differences in the dimensions of the two proteins: The structure of protein S-836 is slightly longer and fatter than that of S-824 and should have a slightly longer tumbling time and a more isotropic diffusion. Hydrodynamics calculations using the NMR structures (Garcıa de la Torre et al. 2000) show similar differences in anisotropy to those determined using the Modelfree analysis (data not shown).
Generalized order parameter
The residue-by-residue generalized order parameters (s 2 ) obtained from Modelfree analysis of NMR relaxation data describe the mobilities about specific bonds, in this case the H-N bonds on the protein backbone, on the picosecond timescale. The order parameter obtained from 1 H, 15 N-HSQC relaxation experiments is essentially a measure of the flexibility of a protein at a specific point on its backbone. Order parameter values range from 0 to 1, with freedom of motion at 0, and restricted motion at 1. Proteins S-836 and S-824 both exhibit order parameters greater than 0.9 throughout most of their a-helices, and low order parameters, spanning 0.5-0.9, in their turn regions (Fig. 5) . These values correspond to the behavior of secondary structures and their connecting turns, respectively (Redfield et al. 1992; Barchi Jr. et al. 1994; Buck et al. 1995) . Low order parameters are also typical of highly flexible glycines, contributing to relatively lower order parameter values in the turn regions where they have been placed (Figs. 1C, 5) . The average order parameters of both proteins are identical, within error, at around 0.92. Of particular interest is the behavior of turn 3 in both proteins. The order parameter indicates that, at the picosecond timescale, turn 3 is more rigid than the other two turns. The solved structures do not hint at such variability in turn mobility. In both structures, turn 3 is sequentially and structurally similar to turn 1; the two turns have two glycines each and are in van der Waals contact. The relative rigidity of turn 3, as determined by order parameter, may be a consequence of proximity to Trp23 on both S-836 and S-824. Van der Waals contacts between the large and rigid Trp side chain and residues in turns 3 on both proteins may reduce the mobility of nearby segments of structure.
Conformational exchange (R ex )
Modelfree analysis shows that protein S-836 displays higher frequencies of millisecond timescale motion than protein S-824. This is reflected in the rates of conformational exchange (R ex ) that were generated for S-836 and S-824 ( Fig. 6 ; Kim and Baum 2004) . In particular, S-836 has 11 amino acids with R ex greater than 2.0 s À1 while S-824 has only eight. Sites of such exchange sample multiple conformational states. With both proteins, some of the millisecond timescale motion occurs at turn 3 and, to a lesser degree, at turn 1. There are also the occasional single occurrences of significant exchange at the N or C termini and along the helices. Overall, the difference between R ex on S-836 and S-824 is one of degree. S-836 and S-824 display a number of common, albeit shifted, sites of conformational exchange; S-836 just has larger and more frequent R ex . The shift is probably a consequence of the differences in their hydrophobic core packing. . R2 relaxation constants (squares) and conformational exchange rate constants (R ex , bars), both at 500 MHz, for proteins S-836 and S-824. Conformational exchange is more pronounced and occurs for more residues in S-836 than S-824. For both proteins, higher R ex values occur at and near turns one and three, indicating motion at the millisecond timescale at these turns, rather than the fast picosecond timescale local motion typical of turns, and exhibited by turn two.
Significant exchange that is unique to S-836 occurs at residues E14 and D34 which occur two-thirds of the way up on the first and second helices, respectively. Together with E87, these helical, conformationally exchanging amino acids border the network of packing cavities described above (Figs. 3D, 7) . These findings provide strong evidence that the network of small cavities influences the backbone dynamics of protein S-836. Although the differences in sequence between S-836 and S-824 are localized to residues 18-35 and 71-87, the impact of the sequence differences propagates throughout the structure. Thus, it becomes more probable that increased dynamics of S-836 relative to S-824 indeed stems from inefficient hydrophobic core packing, which leads to a local network of cavities bordered by a wobbly polypeptide backbone.
Conclusions
The finding that protein S-836, like protein S-824, folds into the expected 4-helix bundle demonstrates that the desired topology can be encoded by binary patterning without the need for explicit design of residue-by-residue packing. Moreover, these results suggest that our secondgeneration library of 102-residue sequences contains a vast number of stable 4-helix bundles.
The similar peak dispersion in the 1 H, 15 N-HSQC spectra of proteins S-285, S-213, and S-836 (Wei et al. 2003b) suggests that S-285 and S-213 also form stable well-ordered tertiary structures with well-defined hydrophobic cores. We believe that S-836 represents a ''typical'' protein from this library. With the determination of the structure and dynamics of S-836, we have now sampled a range of behaviors from this library: S-836 represents an average protein; S-824 represents proteins that are slightly ''better'' than average (more ordered, less dynamic); and S-23 represents proteins that are slightly ''worse'' than average (more dynamic to the point of resembling a molten globule).
This second-generation binary patterned library can be seen as a de novo protein superfamily of 4-helix bundles. Because this collection was neither designed a priori by computational methods, nor subjected to evolutionary selection for biological function, this superfamily provides an unbiased estimate of the range of structures and dynamics that are possible for 4-helix bundles. Thus, this collection provides a model for estimating the properties of ancestral proteins.
The structural and dynamical studies of proteins S-836 and S-824 indicate that although perfectly packed tertiary structures are not easily obtained, highly stable and reasonably well-ordered structures do occur frequently in an unselected library. In the case of protein S-836-and presumably in many other proteins in this superfamilyimperfect packing produces cavities and favors structures that are somewhat more dynamic. A correlation between packing and protein stability and/or dynamics has also been observed for several other proteins-both natural and designed (Lim and Sauer 1989; Eriksson et al. 1992; Gassner et al. 1996; Munson et al. 1996; Dahiyat and Mayo 1997; Walsh et al. 1999 Walsh et al. , 2001 Willis et al. 2000) . Wobbly cavities and dynamic structures may be disadvantageous for highly evolved protein activities requiring ''lock and key'' binding. However, these properties would be advantageous for ancestral proteins requiring malleable structures capable of broad specificity toward a range of substrates. Such pluripotency would provide catalytic versatility in an ancestral cell functioning with limited repertoire of enzymes (Jensen 1976; Nagano et al. 2002; Orengo and Thornton 2005; Glasner et al. 2006) . Similarly, initial studies on our binary patterned libraries of 4-helix bundles demonstrate that many of these de novo proteins also possess low levels of enzymatic activity with a broad range of substrate specificity (Rojas et al. 1997; Moffet et al. 2000 Moffet et al. , 2001 Moffet et al. , 2003 Wei and Hecht 2004; Das et al. 2006; Das and Hecht 2007) .
Materials and Methods

Protein expression and purification
Protein S-836 was expressed in Escherichia coli strain BL21 (DE3).
15 N-labeled proteins were expressed by growing for 14-16 h in autoinducing minimal media (Studier 2005) with 100 mg/mL ampicillin, and 15 NH 4 Cl was used as nitrogen source. 15 N, 13 C-labeled S-836 was prepared using a procedure designed to increase yield during isotopic labeling (Marley et al. 2001) with minor modifications. To obtain pure protein, E. coli cells were lysed using the freeze-thaw method (Johnson and Hecht 1994) , and impurities were removed by acid precipitation at pH 4 with sodium acetate buffer. Protein was purified using cation-exchange HPLC (HS, Millipore POROS). Details of the Highlighted are residues 14, 23, 24, 34, 71, 74, 75, 76, 77, 87, and 100 on S-836 and 3, 18, 24, 73, 74, 76, 86 , and 96 on S-824. expression and purification are described elsewhere (Go et al. 2007 ).
NMR structure determination
NMR spectra for structure determination were collected with a Varian Inova 600-MHz spectrometer. All spectra were collected at 298°K. The typical protein sample consisted of 2 mM 15 N-or 13 C, 15 N-S-836 in 10% D 2 O (v/v) at a volume of 250 mL in a thin-walled Shigemi tube. 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was used as a chemical shift reference (Wishart et al. 1995) .
The structure of S-836 was calculated using distance restraints obtained from 15 N-edited NOESY (with 15 N-HSQC-TOCSY) and 13 C-edited NOESY (with HCCH-TOCSY), and phi dihedral angles from a HNHA J-coupling experiment (Vuister and Bax 1993) . All spectra were processed using NMRPipe (Delaglio et al. 1995) and analyzed using both NMRPipe (with NMRDraw), and Sparky (T.D. Goddard and D.G. Kneller, University of California, San Francisco).
Distance restraints were obtained by classifying peak intensities from the two NOESY experiments into strong (1.8-2.9 Å ), medium (1.8-3.3 Å ), and weak intensity peaks (1.8-5.0 Å ). The contents of these groups were calibrated using known protonproton distances in helical secondary structures. The upper limits of these restraints were then corrected to adjust for lack of stereo-specific assignments (Wüthrich 1986 ). Phi-dihedral angles were obtained from the HNHA experiment. The ratios of amide and alpha hydrogen intensities were converted to dihedral angles using the Karplus relationship between coupling constants and dihedral angles (Karplus 1963) .
Three-dimensional structures were calculated using XPLOR-NIH (Schwieters et al. 2003) . The initial structures were calculated by simulated annealing starting from a temperature of 1000°K, cooling in 6000 steps, to a final temperature of 100°K. Refinement was performed iteratively, starting at a temperature of 1500°K, cooling down in 12,000 steps to 100°K. The 20 lowest energy structures were aligned using MOLMOL (Koradi et al. 1996) and validated by comparing structures against experiments restraints. Additional validation was performed using AQUA/PROCHECK (Laskowski et al. 1996) and MolPRrobity (Davis et al. 2007) . RMSD values were calculated using MOLMOL and cavity surface areas, using CASTp (Dundas et al. 2006 ).
Relaxation and dynamics
Experiments to measure R1 and R2 relaxation rates and NOEs were performed at field strengths of 500 MHz and 600 MHz. The 600-MHz data were obtained with a cryoprobe. Samples of 15 N-labeled S-836 and S-824 were prepared at pH 4.0 at a concentration of 1.3 mM in a volume of 0.6 mL with 10% D 2 O.
R2 relaxation experiments for both S-836 and S-824 were collected at eight different relaxation delays (10, 30, 50, 70, 90, 130, 170, and 190 ms) at 500 MHz, and at nine different delays (10, 30, 50, 70, 90, 110, 130, 170, and 190 ms) at 600 MHz. We also used nine R1 relaxation delays at 500 MHz (30, 100, 150, 250, 400, 600, 750, 900 , and 1100 ms) and 600 MHz (30, 100, 150, 250, 400, 600, 750, 900 , and 1200 ms). Measuring NOEs required two experiments with and without the 1 H saturation. The spectra were processed using NMRPipe and analyzed using both NMRPipe and NMRDraw. R1 and R2 relaxation rate constants were obtained by plotting the exponential decay of peak intensities against their respective relaxation delays. To confirm that the proteins existed entirely in monomeric form, a second R2 relaxation experiment was collected at 500 MHz on a sample of S-836 at a concentration of 0.6 mM. R1 and R2 experiments for S-824 were also performed twice at 600 MHz. Relaxation rates were identical within error for both duplications.
In addition to R1 and R2 relaxation rates and the steady-state NOEs, Modelfree analysis of the two proteins required initial estimates for the overall correlation time, obtained from an estimated rotational diffusion tensor, and the ratio between longitudinal and latitudinal diffusion (D k /D t ). Estimates for the rotational diffusion tensor and D k /D t were obtained using two programs-pdbinertia to rotate and align the solution structures to the coordinate axes and r2r1diffusion (Tjandra et al. 1995) to calculate diffusion tensor and D k /D t and realign the translated structure. Both programs are provided on A.G. Palmer's Web site (http://cpmcnet.columbia.edu/dept/gsas/ biochem/labs/palmer/software.html). R2r1diffusion required modifications in the recommended input. Fluctuations in R2 relaxation rates within the S-836 sequence required very drastic reduction in the number of residues used in calculating the diffusion tensor and D k /D t . Whereas data for at least 45 amino acids were used to calculate diffusion tensor and D k /D t for S-824, a combination of less than 20 residues produced initial estimates that yielded reasonable results after cycles of Modelfree analysis. Analysis of S-836 and S-824 dynamics utilized the software Modelfree version 4 and the iterative cycle of residueby-residue model selection and parameter optimization described by Mandel et al. (1995) . Consistent with their protein topology, Modelfree analysis of S-836 and S-824 utilized the axial symmetric model.
